This is a general theoretic consideration of certain mechanical peculiarities of the human heart. It inc'udes a discussion of mechanical advantages of the average size and average pressures, the effects of various pressures and ventricular volumes on ventricular work and "load," mechanical advantages of the structural arrangement of muscular fibers and manner of contraction, as well as the time course of ventricular work and power produced during a cardiac cycle. The role of the trabeculae carneae and papillary muscles in the emptying of a normal sized ventricle is also discussed.
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A LTHOUGH some thought has been given to the peculiarities of the mechanical nature of the human heart as a pump, the importance of these functional peculiarities is usually disregarded by those who discuss the hemodynamics of the cardiovascular system. Because of these mechanical factors the normal heart tends to maintain the same "load" or may even reduce its "load" as systole progresses and the intraventricular pressure increases. On the other hand, the dilated diseased heart loses this advantage, the loss being especially significant in the presence of arterial hypertension. It is the purpose of this theoretic discussion to indicate some of these hemodynamic principles and to point out some of the differences that exist between the normal and the dilated heart. In this presentation the term "load" denotes the force that must be supported by the ventricles of the heart during the cardiac cycle. Although the left ventricle of the human heart is considered throughout this presentation, the same concepts may be applied to the right ventricle as well as to the hearts of all animals which are shaped similar to and contract like that of man. From 504 THE HEART The human heart is irregular in shape, but for clarity and simplicity, it will be assumed in these discussions that the intraventricular cavities are spherical. The trabeculae carneae and papillary muscles which render the intraventricular cavities irregular do not materially alter the arguments to follow. Certain problems related to these intraventricular structures are presented.
If the ventricular cavity is considered to be spherical in shape, then the area of its internal surface is ( fig. 1 ) A = 47rr2 and its internal volume is 4
where r is the internal radius of the sphere. The ratio of the volume to the area is, therefore, 1 r. Thus, when the size of the sphere is altered, its volume changes more rapidly than its surface area. The heart may be considered a sphere whose size is continuously changing and, therefore, so are its internal surface area and internal volume. The size of the left ventricle of the human heart was accepted for this discussion to vary from an average maximum internal volume of 85 cc. at the beginning of systole to an average minimum volume of 25 cc. at the end of systolic ejection.1' 2 Associated with this change in volume is a change in internal surface area, from 93.7 to 41.2 sq. cm. It is fortunate that there is such a change in area, for the pressure Circulation, Volume V, April 1952 within the ventricle increases as systole progresses, for example, from essentially zero to 70 mm. Hg when the aortic valve opens or the diastolic aortic pressure is exceeded, to 120 mm. Hg when the systolic pressure is attained. Therefore, since the pressure within the ventricle and its internal surface area are changing, the force or "load" upon the internal wall may be changing also ( fig. 2 ).
The total radial force, F, acting upon the internal wall of the ventricle is expressed by the equation
where P is the pressure and A is the area of the wall which is supporting the radially acting pressure. When the left ventricle contracts, its internal area decreases but its internal pressure rises. It is, therefore, of interest and of importance to know how the force varies as systole progresses. In the average normal adult with a systolic blood pressure of 120 mm. Hg and a diastolic pressure of 70 mm. Hg, the total radial force acting upon the wall internally at the moment the aortic valve opens or when the diastolic level of arterial pressure is just exceeded would be F = 70 X 93.7 X 1333.2 = 8.7 X 106 dynes where 93.7 is the internal surface area in sq. cm. of the left ventricle filled with 85 cc. of blood in diastole and 1333.2 is the pressure in dynes per sq. cm. equivalent to a pressure of 1 mm. Hg.
When the left ventricle has completed its ejection of blood and the systolic level of pressure in the aorta has been reached, the total radial force acting upon the wall internally would be F = 120 X 41.2 X 1333.2 = 6.6 X 106 dynes where 41.2 is the internal surface area in sq.
cm. of the left ventricle for a residual blood volume of 25 cc. at the end of systolic ejection.
It is interesting and surely of considerable importance that, even though the left ventricle must pump its blood against a progressively increasing pressure, once the aortic diastolic pressure has been reached and the ventricular volume begins to decrease as blood is ejected into the aorta, the "load" on the ventricle does not rise further but actually declines. This feature establishes a unique characteristic for the cardiac pump not possessed by reciprocating pumps employed in industry or engineering generally. Figure 3 shows the influence of the intraventricular diastolic blood volume upon the ventricular "load." It is certainly interest ng to find that for the normal heart the load does not increase during systole once it begins to eject blood. Figure 3 also shows that this advantage is lost as the ventricle dilates. When the diastolic volume becomes large, the load progressively increases as the ventricle ejects blood. For example, with a blood pressure of 120/70, from the point of view of load, it is disadvantageous for the dilated ventricle to eject blood. Figure 3 deserves careful study and consideration.
Eveun in the presence of hypertension, the "load" or total force exerted upon the left ventricle of a heart of normal size is not considerably different quantitatively or qualitatively from that of the subject without hypertensioni and a normal sized heart. For example, 160r and the arterial blood pressure 220/120, the total force against the intraventricular wall is 48.7 X 106 dynes when the aortic valve opens. The load increases to 81.6 X 101 dynes when the 60 cc. are ejected and the systolic pressure is reached ( fig. 3 ).
It is evident, then, that the normal left ventricle functions with essentially ideal diastolic and stroke volumes. Although left ventricular dilatation may increase the ability of the myocardium to do work according to if the volume ejected is 60 cc., the arterial systolic blood pressure is 220 mm. Hg and the diastolic 120 mm., the "load" supported by the left ventricle changes from 15.0 X 106 dynes, when the diastolic arterial pressure is reached and ejection of blood into the aorta begins, to 12.1 X 106 dynes, when the systolic pressure of 220 mm. Hg is attained ( fig. 3 ). On the other hand, once the ventricle begins to dilate, the picture changes conspicuously ( fig. 3 ). For example, when the diastolic volume of the left ventricle is 500 cc., the stroke output 60 cc.
Starling's law, it is also evident from figure 3 that dilatation increases the load on the left ventricle and, therefore, the "physiologic" work that the ventricle must perform per beat. The significance of this extra load and its relation to Starling's law remain to be studied. Figure 4A shows the variations in load upon the left ventricle with arterial blood pressures of 120/70 and 220/120 mm. Hg, in which the stroke volume varies from 30 to 80 cc. and the intraventricular volume is 25 cc. at the end of systolic ejection. It is evident that the load 506 X-*k,--,L-(1. E. BURCH, (C. T. RAY AND J. A. CRONVICH varies relatively little even though the pressures within the ventricle differ considerably. Figure 4B shows the variations in load upon the left ventricle with arterial pressures of 120/70 and 220/120 mm. Hg, with the stroke volume varying from 5 to 75 cc., and with the intraventricular diastolic volume fixed at 85 cc. A decline in the systolic load is seen as the volume of the ventricle decreases at the end of systole. Figures 3, 4A , and 4B show the relative influence of changes in intraventricular volume and pressure upon ventricular load, including the disadvantageous effect of dilatation upon intraventricular loading. Because dilatation of the ventricle increases the intraventricular surface area, the total force exerted upon the ventricular wall increases. This increase may theoretically produce detrimental overloading of the ventricle and might conceivably produce a serious irreversible physiologic cycle. A normal left ventricle, with its relatively small internal surface area and further reduction in area as it empties during systole, would not "overload." The relative advantage of dilatation, which according to Starling's law is associated with an increase in the force of contraction, and the associated disadvantage of increasing the load ,on the ventricle require study.
It is not possible with the data available to determine the "physiologic" work performed by the heart in association with the loads described. Obviously, no work is performed in the strict physical sense when maintaining "tone," but foodstuffs and oxygen are con-sumed and heat is liberated to maintain the tone of the myocardium necessary to cope with these loads. The amount of metabolism performed and the heat liberated in association with the load must vary with the load. They should be greater in the dilated heart than in the normal one. The comparative hypothetic values of the forces concerned are presented in table 1 . It is assumed that if the load, represented by radial force in dynes, were made to perform work by being associated with translation of motion of 1.0 cm., the force would be converted into ergs of work. Table 1 shows a comparison of the situation if the radial forces of a normal and of a dilated heart wvere converted to work by acting through a distance of 1.0 cm. It is necessary to exercise caution when considering these values, as they are a.IT r2 purely hypothetic and are presented only for thought. LONGITUDINAL FORCE, LOAD, OR TENSION UPON THE CARDIAC M\IUSCLE FIBERS It has been showvn in the preceding discussion that the load or radial force upon the entire internal wall of the ventricle is given by the equation
The force acting along the fibers "longitudinally" is given by the equation
Therefore, the force or load applied longitudinally upon al fibers collectively of the myocardium is one-fourth that exerted laterally upon the wall ( fig. 5 ); that is, the tensile force necessary for the muscle fibers of the ventricle to develop in order to maintain the radial internal force upon the ventricular wall is onefourth the total radial force acting upon the wall. For example, consider a sphere such as a ventricle filled with blood under pressure. If the sphere were cut in half and the cut surface were closed with a diaphragm (fig. 5 ), the force exerted against the diaphragm would be It is interesting that the muscle fibers need to exert a force of contraction which is only onefourth as great as any given load which tends to force the ventricular wall outward. This is a time courses of the first and second derivatives with respect to time of pressure and volume. These curves are self-explanatory; the first derivative is a rate curve and the second an acceleration curve. The relationship between the intraventricular pressure and volume for the average It is evident that dilatation and hypertension increase the "load" on the heart and that dilatation increases this load much more than the elevation in blood pressure. peculiar advantage which the muscle fibers of the heart possess because of the shape and nature of the function of the heart as a pump. normal heart shown in figure 7 was obtained from the simultaneous pressure and volume curves of figure 6 . This interesting curve shows that early in systole, during the phase of isometric contraction, there is a rapid rise in intraventricular pressure without any change in volume. During the ejection phase pressure changes slightly, whereas volume decreases rapidly. Then there is a rapid reduction in pressure with only a slight increase in volume, 509 l1 and finally there is a rapid rise in volume with continued reduction in pressure as the ventricle fills during diastole. Incidentally, this latter hemodynamic state indicates a "suction" action of the ventricle. Figures 8, 9 and 10 show the time courses of force, force-volume, and force-pressure for both the normal sized and dilated hearts with and without hypertension. The blood pressures employed for these calculations were 126/70 and 252/ 120 and the diastolic volumes >-ere 85 cc. and 300 cc. respectively. The stroke volume was 60 cc. in each instance. It was is "negative work" or an accumulation of potential energy by the ventricles during ventricular diastole and atrial systole. assumed that the volume-pressure time course was the same as that of the normal heart shown in figure 7 . These illustrations (figs. 8, 9 and 10) are self-explanatory.
WORK AND POWER
By integration of the pressure-volume curve of figure 7 , the accumulated work or energytime curve of figure 11i was obtained. It is evident from the curve that in this case a maximum value for work was reached at about the 0.25 second after the beginning of ventricular systole, after Which there was a gradual and fairly constant decline in the Work curve. There A is a diagram of a cross section through a thickwalled sphere of diameter X. If this sphere were to contract due to shortening by 20 per cent of its fiber components, its diameter would reduce 20 per cent and its internal wall, at least, would tend to wrinkle, B. C is a diagrammatic cross section through a normal ventricle during diastole showing the papillary muscles, trabeculae carneae and the ridges and valleys of the irregular internal surface. During systole the luminal space and therefore contained blood is displaced by the mass of papillary muscle and trabeculae carneae and the internal irregular surface "folds" in a predetermined fashion. D. See text for details. walls of the heart toward the atrioventricular valves or the valves toward the apex and walls of the heart.
These structures also assist in emptying the ventricle of blood more completely. fig. 13 ). This would not completely empty the heart. Under such circumstances the heart would be only partially emptied, about 50 per cent of its diastolic luminal volume remaining ( fig.  13A, B ). If the internal surface of the heart were smooth, shortening of the circumference of the outer and inner walls might cause the internal wall to wrinkle. If there were a smooth internal surface during diastole and this surface were squeezed upon and wrinkled during cardiac systole, it is possible that the subendo-A ventricles produced by the trabeculae carneae, wrinkling of the internal surface during systole is unnecessary and damage to the subendocardial layer of muscle is less likely. At the end of ventricular systole the ridges of muscular trabeculations are squeezed more closely together and the valleys are reduced in volume, thus displacing blood from these valleys and thereby reducing the volume of residual blood. cardial layer of myocardium would be injured with each cardiac contraction. However, the internal surface of the ventricles is extremely irregular and consists of ridges and valleys produced by the trabeculae carneae and the large papillary muscles. Consequently, when cardiac muscle shortens in length by 20 per cent, the normal heart is emptied much more completely of blood. The volume of blood that would have remained is displaced by the space occupied by the trabeculae carneae and papillary muscles (fig. 13C, D) . These space-occupying muscular structures reduce considerably the residual space that is available for blood at the end of systole. Furthermore, because of the extremely irregular internal surface of the lary muscles. One can visualize the mechanics of these phenomena.
In the abnormally large and dilated heart the internal surface tends to become smooth. The relative volume of the lumen of the ventricle to that of the trabeculae carneae and the papillary muscles is so large that the relative space occupied by the trabeculae carneae and the papillary muscles is small. Therefore, in the dilated heart the size of the ventricular lumen remains large at the end of systole, so that amount of residual blood is also large and there is no need for trabeculae carneae and papillary muscles to displace blood to maintain the usual stroke output. Furthermore, the need or tendency for wrinkling to occur during systole is less. In summary, therefore, the papillary muscles and trabeculae carneae displace blood from the adult heart in the same manner as cardiac jelly does from the embryonic heart.4'
It is also important to note that the borders of a large dilated heart, for the same stroke volume as a normal heart, should be expected to move relatively little. As stated previously, the volume of a sphere is equal to 4/3irr3. Therefore, if the volume of each systolic ejection is 60 cc. and the heart is large and dilated, the borders of the heart would move only slightly in association with this change in volume of 60 cc. This should be remembered when extreme cardiac enlargement is being differentiated from pericardial effusion. Both units of mass would reduce equally in volume per given stroke output.
COMMENT It is necessary to remember that assumptions were made so that the concepts could be presented as simply as possible. The heart, of course, is not a perfect sphere and it probably contracts by a wringing type of motion. Its cavity is irregular. The time course of pressure and volume must vary with disease states and from time to time in the same subject and, therefore, only general ideas can be considered. The individual and specific circumstances certainly are different, tending only to approach the generalizations made in this presentation.
These and similar considerations are certainly interesting and are probably important in cardiac function. It is also well to note that in the large dilated heart the percentage of shortening per muscle fiber required during systolic ejection of a given volume of blood is considerably less than that in a heart of normal size. One might find this comparable to the advantage offered by a system of ropes and pulleys employed in lifting a load or mass; the work is facilitated but the energy expended is greater. Studies have shown oxygen consumption to be greater for a given cardiac output in the large dilated heart than in the normal one.6, 7
